Anchovy were stored at 17, 8, 0, and À6 C. Samples were withdrawn periodically, the lipids extracted, purified, and analysed for free and esterified cholesterol. From the results of these tests the rates of the enzymatic esterification of cholesterol at the four temperatures were calculated. In the temperature range of À6 to 17 C the rate increased with temperature. Application of an Arrhenius plot afforded the esterification rate at any temperature within the range examined.
INTRODUCTION
Enzymatic formation of cholesterol ester from free cholesterol has been shown to occur during spoilage of anchovy (Engraulis capensis). [1] As a result, the quality of the oil produced from the fish is reduced, as esterified cholesterol is much more difficult to remove from the oil than free cholesterol. [2] This aspect becomes particularly important in oils used for dietary supplements as these oils should have little or no cholesterol, whether free or esterified. Although this spoilage reaction has been known for many years, [3] no data for the rates of esterification at different temperatures are available. The present study attempts to determine some of these by storing fresh anchovy in four different tests at 17, 8, 0, and À6 C. Samples were withdrawn at periodic intervals and the lipids extracted, purified, and analysed for free and esterified cholesterol. The results of these tests allow the calculation of the rates of esterification of cholesterol at the four storage temperatures and after employing an Arrhenius plot at any temperature within the range examined.
MATERIALS AND METHODS

General
Fresh anchovy were obtained from a local fish meal factory within 12 h of catching and transported to the laboratory in ice. The fish were weighed in batches of about 200 g and stored in polythene bags at 17, 8, 0, and À6 C. At day 0, and subsequently at known periodic intervals, the lipids were extracted, purified, and analyzed for free and esterified cholesterol. Four separate tests (A-D) were carried out; in only one test (A) were the anchovy stored at À6 C.
Extraction and Purification of the Lipids
The lipids were extracted from the anchovy with excess chloroform:methanol (2:1, by vol.) as described previously. [4] The lipids were washed three times in a large volume of water according to the procedure of Folch et al. [5] The chloroform solutions were dried over anhydrous sodium sulfate, filtered, and concentrated on a rotary evaporator in vacuo. The lipids were then taken up in a small volume of hexane, filtered over anhydrous sodium sulfate, concentrated on the rotary evaporator, and finally dried under high vacuum.
Total, Free, and Esterified Cholesterol
Total, free, and esterified cholesterol were determined in the various anchovy lipids by gas chromatography using stigmasterol as internal standard as described earlier.
[1]
RESULTS AND DISCUSSION
The lipid contents of the different batches of anchovy, together with the total and esterified cholesterol contents of these lipids, are recorded in Table 1 . The total cholesterol content of the lipids showed a highly significant negative correlation with where r is the correlation coefficient and n the number of samples analyzed. This relationship is similar to that observed for the total cholesterol levels of press oils of different pelagic fish species. [6, 7] Esterified cholesterol increased on storage of the anchovy, these increases at 17, 8, 0, and À6 C can be expressed as a function of the time in days by 13 straight lines, indicating a zero order enzymatic reaction. [8] The slopes of the lines correspond to the average daily increases in cholesterol ester contents of the anchovy lipids at the different temperatures. These rates for the four tests are recorded in Table 2 .
Scrutiny of the rates at each temperature shows good agreement in the various tests, the rate at 17 C ranging from 0.32 to 0.42, at 8 C from 0.042 to 0.063, and at 0 C from 0.018 to 0.034 g cholesterol/(100 g lipid)/(day). In the single test at À6 C a value of 0.0043 g cholesterol/(100 g lipid)/(day) was obtained. The straight line relationship between the logarithm of the reaction rate and the reciprocal of the absolute temperature (1/T ) yields an Arrhenius plot, which is shown in Fig. 1 . The mathematical expression of this plot is:
where k is the rate constant of the reaction, r is the correlation coefficient and n is the number of data points. The activation energy for this reaction, calculated from the slope of the line, is 112.77 kJ/mol. [8] This is larger than the activation rates of 99.95 and 76.77 kJ/mol found for the enzymatic hydrolysis of anchovy phospholipids and neutral lipids respectively [9] resulting in a relatively steep slope of the present Arrhenius plot. However, it should be realized that although a spoilage rate is measured, the current study is concerned with an esterification rather than a hydrolysis reaction of the anchovy lipids. The steep slope of the Arrhenius plot means that lowering the storage temperature of the anchovy in the delay between catching and processing will be extremely effective in minimizing the cholesterol ester content of the resulting anchovy oil. This is therefore the recommendation made to fish oil producers for improving the quality of the anchovy oil used in dietary supplements.
CONCLUSION
The enzymatic esterification of free cholesterol during spoilage of anchovy in the delay between catching and processing adversely affects the quality of the resulting anchovy oil since, in contrast to free cholesterol, esterified cholesterol is only removed with difficulty. This is a serious problem for anchovy oils, which are rich in omega-3 fatty acids and used as dietary supplements, since these oils should have little total cholesterol. The present investigation has shown that esterification is very temperature-dependent; for instance the rate at 17 C is 16 times that at 0 C. Icing the fish in the delay period is therefore very effective in reducing the progressive esterification of cholesterol. 
